Introduction
The subspecies Crotalus durissus cascavella (C. d. cascavella) is found in the Caatinga from Northeastern of Brazil (Pinho and Pereira, 2001; Barraviera, 1989) . Its venom is presented as a toxicenzymatic complex, mainly composed of phosphodiesterase, Lamino oxidase, 5-nucleotidase and toxins such as crotoxine, convulxin, crotalin and gyroxin (Rangel-Santos et al., 2004; Fonseca et al., 2006; Spinosa et al., 2008) . This complex substance leads to systemic functional changes, being responsible for the primary cause of death after a snakebite (Evangelista et al., 2008) , among which the acute respiratory failure related to neuromuscular paralysis can be highlighted (Damico et al., 2005) .
Mechanical properties of the respiratory system are well defined; however, the characterization of lung structures and quantification of inflammation generated by C. d. cascavella venom are little known. Therefore, it was necessary to study the effects of possible changes in lung architecture so that, in any involvement, therapeutic intervention may be the earliest and most efficient as possible. This study aimed to analyze the pulmonary function in an experimental model of acute lung injury induced by C. d. cascavella venom.
Methods

Venom, chemicals and reagents
The C. d. cascavella venom was obtained and kindly provided by Professor Dr. Diva Maria Borges Nojosa, from Núcleo Regional de Ofiologia (NUROF) of the Department of Biology from Federal University of Cear a, Fortaleza, Brazil. The venom was lyophilized and diluted in saline (0.9% w/v NaCl solution) at the time of use. All chemicals were purchased from Sigma-Aldrich ® (St Louis, MO, USA).
Animals
The Local Ethics Committee on the Use of Animals approved the experimental protocol (12773584-4). 36 Balb/C mice (males, 20e30 g) were randomly divided into 6 groups. According to Miller and Tainter (1944) apud Feitosa (1996) , the calculation of the lethal dose was done according to the method of the probit in which it was observed that the LD50 for venom of C.d. Casvella is 3.0 ± 0.34 mg/kg.
All experimental groups received inoculation of 3.0 mg/kg of venom, diluted in 0.1 mL of saline (NaCl 0.9%) (i.p.). The animals were analyzed after 1 h of inoculation (group 1 h, n ¼ 6), 3 h after inoculation (group 3 h, n ¼ 6), 6 h after inoculation (group 6 h, n ¼ 6), 12 h after inoculation (12 h group, n ¼ 6) and 24 h after inoculation (group 24 h, n ¼ 6). The Ctrl group (n ¼ 6) received only 0.1 mL of saline (i.p).
Respiratory system mechanics
After the inoculation period of the venom in each group, the animals were sedated (diazepam, 1 mg/kg, i.p.), and anesthetized with sodium pentobarbital (50 mg/kg, i.p., Hypnol ® 3%, Syntect, Brazil) and tracheotomized. The animals were intubated with a 18-gauge cannula (Eastern Medikit, Delhi, India) that was then connected to a computer-controlled ventilator for small animals (Scirec © -flexVent ® , Montreal, QC, Canada). The animals were ventilated at baseline settings: respiratory frequency of 150 breaths/min, tidal volume of 10 mL/kg, limiting pressure of 30 cmH 2 O, and positive end-expiratory pressure (PEEP) of 3 cmH 2 O. Mices were then paralyzed with pancuronium bromide (0.5 mL/kg, i.p., Crist alia, Lindoia, MG, Brazil).
Initially we standardized the mechanical history of the respiratory system with two deep inflations (DI, 6-s long, peak pressure: 30 cmH 2 O), followed by a period of 5min of ventilation. Soon after, the impedance of the respiratory system (Z rs ) was measured with the forced oscillation technique (Hantos et al., 1992) , 12 sequential 10-s sampling intervals, for a total of 2 min.
The experimental Z rs was fitted to the constant phase model as previously described (Hirai et al., 1999) :
where R N is the Newtonian resistance, which represents the central airways resistance, i ¼ ffiffiffiffiffiffi ffi À1 p , f is the frequency (Hz), I represents airway inertance, and G and H are respectively the dissipative and elastic properties of lung tissue (Hantos et al., 1992) . Hysteresivity (h ¼ G=H) was also calculated (Fredberg, 2001) .
Thereafter, starting at the functional residual capacity (FRC) defined by the PEEP, the flexiVent delivered 7 inspiratory pressure steps for a total pressure of 30 cmH 2 O, followed by 7 expiratory steps, pausing at each step for 1 s. At each step plateau pressure (P) was recorded and related to the total volume (V) delivered to produce a quasi-static PV (pressure-volume) curve. Static compliance ðC ST Þ was calculated as the slope of the curve (Salazar and Knowles, 1964) . Two quasi-static PV curves were obtained to measure C ST , an estimate of inspiratory capacity (IC), and PV loop area.
Hyperresponsiveness of airway smooth muscle
Immediately after measurements of respiratory system mechanics, two DIs (Deep Inflation) were done, followed by 5 min of ventilation with baseline settings. Airway smooth muscle hyperresponsiveness was evaluated by inhalation of methacholine (MCh) (Sigma-Aldrich, St. Louis, MI, USA) delivered by aerosol produced by an ultrasonic nebulizer (Inalasonic, NS Indústria de Aparelhos M edicos, São Paulo, SP, Brazil) coupled to the inspiratory line of the ventilator. For such purpose, 4 mL of MCh solution (3, 6, 12,5, 25 and 50 mg/mL) were added to the nebulizer container. The nebulization was carried out during 30 s under mechanical ventilation (Xue et al., 2008) .
After nebulization, the same previous analysis was repeated (forced oscillation, 10-s sequential intervals for 2 min). Data regarding airway hyperresponsiveness collected after nebulization of MCh are presented as DR N , where D means the parameter after nebulization minus its value before MCh challenge. All D values were normalized by the pre-nebulization values.
Histological analysis
After euthanasia or natural death of animals from the experiments, lungs were collected and stored in fixative solution (10% formaldehyde) for 72 h. Then tissues were washed and progressively dehydrated in an ascending series of alcohols (70%, 80%, 90%, 100%, 100%; 1 h at each concentration); diaphanized in xylene (2x, 1 h each); and bathed in paraffin (2x, 1h30 each bath). Then, tissues were embedded in paraffin and 4 mm sections were obtained using a manual microtome (Leica RM2025 ® ). After a deparaffinization process (56 C for 24 h), tissues were mounted on slides, rehydrated with decreasing concentration of alcohol (90%, 80% and 70%; 3 min at each solution) and stained by hematoxylin-eosin (HE) for further analysis in light microscopy (Microscope Nikon Eclipse Nis, Nis Software 4.0 ® ).
Statistical analysis
Statistical analyses were performed using GraphPad Prism version 5.00 (GraphPad, San Diego, CA, USA). To compare the results gathered from each group, initially the normality of the data (KolmogoroweSmirnov test with Lilliefor's correction), and the homogeneity of variances (Levene median test) were evaluated. If both conditions were satisfied, one-way ANOVA was used. In the negative case, KruskaleWallis ANOVA was selected instead. The significance level was always set at 5%.
Results and discussion
Respiratory system mechanics
In R N , a good estimate of the total airway resistance (Bates, 2009) , statistical significance values were observed in all experimental groups, being higher in groups 12 h and 24 h (Fig. 1A) . These results represent a greater narrowing or an increase in the stiffness of airways smooth muscle in these experimental groups when compared to the control group. By reducing the lung elastic recoil, breaking fibers and destroying alveolar attachments, there was a limitation of the air flow, leading to increased airway resistance. The air trapping and new lung morphology acted reducing the surface area available for gas exchange (Saetta et al., 2001; Ishizawa et al., 2004) .
G and H are related to intrinsic properties of the tissue and both parameters showed significant increases in all experimental groups, particularly in groups 12 h and 24 h (Fig. 1B and C) . There are some hypotheses to explain the observed in G: one is changes on the rheological properties of the tissue (Bates, 2009) ; another would be the influence of the airways narrowing on these parameters, which could result in a lung parenchyma distortion, with small airways closure, providing an effectively lower lung, with a H proportionally higher (Wagers et al., 2004 ).
The h grows as the lung becomes mechanically heterogeneous.
This parameter had increased and significant average values in groups 6 h, 12 h and 24 h (Fig. 1D) . Thus we may assume that the increase of h values is due to the presence of ventilatory heterogeneities resulting from the increase in Nr.
The C ST was significantly reduced in groups 6 h, 12 h and 24 h (Fig. 1E) . The inspiratory capacity (IC) showed significant and reduced mean values in groups 3 h, 6 h, 12 h and 24 h (Fig. 1F) . These data were consistent with the effective stiffening of lung tissue, reflecting the increase of H. Nonaka et al. (2008) found changes in experimental groups 3 h (significant increase in tissue elastance), 6 h (significant increase in tissue resistance) and 12 h (increase in viscoelastic properties) after intramuscular inoculation of Crotalus durissus terrificus (0,6 mg/g).
After 24 h values returned to baseline parameters.
After the challenge with methacholine, Nr had a significant increase in their average values in groups 6 h, 12 h and 24 h (Fig. 1G) . The bronchoconstriction caused by methacholine made small airways shut completely (Evans et al., 2003) , preventing its opening only with the smooth muscle relaxation. Bronchial hyperresponsiveness mechanisms were multiple, being associated with Mild emphysema, present in groups 1 h, 3 h, 6 h, 12 h and 24 h; C. Edema in the 24 h group; D. Moderate inflammatory infiltrate (lymphocytes and plasmocytes) (arrows) present in groups 3 h and 6 h; E. Hyperplasia of the bronchus-associated lymphoid tissue (BALT) in groups 6 h and 12 h; F. Mild congestion in the groups 1 h, 3 h, 6 h, 12 h and 24 h; G. Hemorrhage in the groups 1 h, 3 h, 6 h, 12 h and 24 h (severe).
acute and chronic inflammation and airways remodeling (Boulet et al., 1997; Martin et al., 2000) . The biggest tendency for contraction was due to the loss of factors that oppose the shortening of smooth muscle by intrinsic changes to smooth muscle and loss of elastic recoil of the lung parenchyma (Fredberg, 2001 ).
Histopathological results
Histological architecture of lungs (bronchial tree, bronchial and alveolar) had alterations in its organization, caused by atelectasis and emphysema. Atelectasis, present in all groups, had moderate intensity in groups 6 h, 12 h and 24 h (Fig. 2A) . Discrete emphysema was present in all experimental groups (Fig. 2B) . These changes occurring in a lung segment region might distort the pulmonary parenchyma and its adjacent subsegment, thus affecting the local tissue mechanics. This was probably related to the increased n (Correa et al., 2001) .
A mild edema was observed only in the group 24 h (Fig. 2C) . This was well represented since there was no occurrence of this pathological change in the literature, and it may be related to the indirect injury factor generated by the C. d. cascavella venom and attributed to the systemic action of PLA 2 . There was a report of an edematous response induced by the Crotalus d. terrificus venom which was not dose-dependent, of fast and transient course (Santoro et al., 1999) . There were several studies reporting that the PLA 2 induces edema, an effect that in some cases are dependent of PLA 2 s which bind to specific membrane proteins (Iglesias et al., 2005) .
In all experimental groups inflammatory infiltration of lymphocytes and plasmocytes was observed, although discrete. There was a greater concentration of infiltrate in groups 3 h and 6 h (Fig. 2D) . There was an increase in the bronchus-associated lymphoid tissue (BALT) in groups 6 h and 12 h (Fig. 2E) , associated with an increased activation of these animals' immune system. Inflammatory infiltrate with lymphocytes and plasmocytes in all experimental groups was suggestive of an acute tissue injury caused by C. d. cascavella venom. This probably resulted in chemotaxis from the activity of released inflammatory chemical mediators such as prostaglandins, histamine, bradykinin or nitric oxide and the subsequent diapedesis of inflammatory cells to the injury site (Braga et al., 2007) . In other studies with C. d. terrificus venom there was an increase in lymphonuclear cells in the airways of animals from the group 6 h (Nonaka et al., 2008) . Other studies have considered that this response to acute lung injury occurred due to the presence of mononuclear cells (Tong et al., 2006) .
Hemorrhage was observed in all treated groups ranging from mild to severe and moderate in the group 3 h (Fig. 2G ). This was explained by the existence of crotamine associated with a high activity of PLA 2 , making this substance to be characterized by its myotoxicity and may thus be responsible for the observed hemorrhagic process. Its neurotoxic potential was also reported in the literature (Santoro et al., 1999; Nonaka et al., 2008; Beghini et al., 2000) . Another possibility for this increase was the presence of hemorrhage in all groups tested, being moderate in the group 12 h and severe in the group 24 h, in airways of small caliber. The occurrence of edema only in the group 24 h, promoted occlusions of these pathways and the production of atelectasis areas, present in all experimental groups, with moderate intensity in groups 6 h, 12 h and 24 h. This process has been found in clinical practice of animals subjected to mechanical ventilation.
Due to these characteristics of ventilatory heterogeneities it was possible to associate with the presence of moderate hemorrhage in the group 12 h and severe in the group 24, atelectasis of moderate intensity in groups 6 h, 12 h and 24 h, mild emphysema present in all groups tested and edema in the group 24 h. The presence of secretions from the peripheral airways may affect the distribution of ventilation and thus increase the mechanical inhomogeneity. Changes in contractile tone of smooth muscles in the lung parenchyma should not be discarded (Correa et al., 2001) .
More specific studies on pulmonary complications are necessary in order to establish whether the acute injury process correlates to muscle paralysis and systemic myonecrosis. Consequently, it leads to triggering factors of an inflammatory process; if there is a direct action of toxic factors of the venom on the lung tissue, it may lead to morphostructural and mechanical properties changes.
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